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Using a ferroelectric barrier as a functional material in a 共magnetic兲 tunnel junction has recently attracted
significant interest due to new functionalities not available in conventional tunnel junctions. Switching a
ferroelectric polarization of the barrier alters conductance resulting in a tunneling electroresistance 共TER兲
effect. Using a ferroelectric barrier in a magnetic tunnel junction makes it mutiferroic where TER coexists with
tunneling magnetoresistance 共TMR兲. Here we develop a simple model for a multiferroic tunnel junction
共MFTJ兲 which consists of two ferromagnetic electrodes separated by a ferroelectric barrier layer. The model
explicitly includes the spin-dependent screening potential and thus extends previously developed models for
FTJs and MFTJs. Our results demonstrate that the effect of spin-dependent screening may be sizable and may
provide significant contributions to TMR and TER in MFTJs. We find that, similar to FTJs with a composite
共ferroelectric/dielectric兲 barrier layer, the TER in a MFTJ with such a barrier is dramatically enhanced indicating that the resistance ratio between the states corresponding to the opposite polarization orientations may
be as high as 104 and even higher. Our results demonstrate the possibility of four resistance states in MFTJs
with a pronounced difference in resistance and a possibility to control these resistance by an electric field
共through ferroelectric polarization of the barrier兲 and by a magnetic field 共through magnetization configuration
of the electrodes兲. These functionalities may be interesting to device applications of MFTJs.
DOI: 10.1103/PhysRevB.81.104419

PACS number共s兲: 73.40.Gk, 77.55.⫺g, 72.25.⫺b, 73.40.Rw

I. INTRODUCTION

Ferroelectric tunnel junctions 共FTJ兲 have recently aroused
considerable interest due to interesting physics involved and
potential applications as nanoscale resistive switching
devices.1 A FTJ consists of two metal electrodes separated by
a nm-thick ferroelectric barrier which allows electron tunneling through it. Recent experimental2–4 and theoretical5–8
studies of perovskite ferroelectric oxide thin films have demonstrated that ferroelectricity persists down to a nanometer
scale, which makes it possible to use ferroelectrics as functional tunnel barriers in FTJs. Contrary to ferroelectric capacitors where leakage currents are detrimental to the device
performance,9 the conductance of a FTJ is the functional
characteristic of the device. The key property is tunneling
electroresistance 共TER兲 that is the change in resistance of a
FTJ with reversal of ferroelectric polarization. Based on
simple models it was predicted that TER in FTJs can be
sizable due to the change in the tunneling potential barrier
dependent on ferroelectric polarization orientation.10,11 These
results were elaborated using first-principles calculations of
transport properties of FTJs, showing, in addition, the importance of interface bonding and barrier decay rate effects on
TER.12,13 Very recently three experimental groups have reported observations of the TER effect associated with the
switching of ferroelectric 共FE兲 polarization of BaTiO3 共Refs.
14 and 15兲 and Pb1−xZrxTiO3 共Ref. 16兲 ferroelectric films. As
predicted,10,17 the observed effects are really giant, showing
the resistance change by two-three orders in magnitude.
These experimental results proved the concept of FTJ and
1098-0121/2010/81共10兲/104419共7兲

demonstrated the capability of thin-film ferroelectrics to
serve as a nanoscale material that can act as a switch to store
binary information.
Functionalities of a FTJ can be enhanced in a multifferoic
tunnel junction 共MFTJ兲 first introduced in Ref. 18. A MFTJ
represents a FTJ with ferromagnetic electrodes or equivalently a magnetic tunnel junction 共MTJ兲 with a ferroelectric
barrier.1 Thus, the multiferroicity of such a junction follows
from its composite nature involving two ferroic
components—ferroelectric and ferromagnetic. Electron tunneling from a ferromagnetic metal electrode through a thin
insulating barrier layer is spin polarized.19 As the consequence, in a MTJ the tunneling current depends on the relative magnetization orientation of the two FM electrodes, a
phenomenon known as tunneling magnetoresistance
共TMR兲.20 In a MFTJ the TER and TMR effects coexist,18 and
therefore, a MFTJ represents a four-state resistance device
where resistance can be switched both by electric and magnetic fields.13 Another type of MFTJ is feasible in which a
single-phase multiferroic is used as barrier.21 In such a MFTJ
the TMR effect is due to spin filtering properties of the mutiferroic barrier while the TER effect is due to change in the
barrier potential profile when the polarization is switched.22
In both FTJs and MFTJs the important contribution to
TER originates from the electrostatic effect resulting from
the incomplete screening of polarization charges at the
interfaces.10 This creates finite-size charge-depletion 共accumulation兲 regions and hence an asymmetric potential profile
in FTJs with different electrodes or/and with a composite
barrier.17 If the electrodes are ferromagnetic the screening of
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screened in the metal electrodes. This screening is spin dependent and consequently the induced charge density has
two nonequal spin contributions ␦n↑共z兲 and ␦n↓共z兲, which
depend on coordinate z perpendicular to the planes
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FIG. 1. Geometry of a MFTJ that consists of two FM metal
electrodes separated by a FE barrier layer. A thin dielectric barrier
may 共b ⫽ 0兲 or may not 共b = 0兲 be inserted at the FM/FE interface.
Conductance of the MFTJ is controlled by both the orientation of
ferroelectric polarization of the barrier and by magnetization alignment of the two ferromagnetic electrodes, as indicated by arrows.

polarization charges is expected to be spin dependent23,24 due
the exchange splitting of the spin bands in ferromagnetic
metal electrodes. The spin-dependent screening is the origin
of interface magnetoelectric effects,25–29 which complement
interface magnetoelectric effects driven by strain30,31 and interface bonding32–35 共see Ref. 36 for a recent review of this
and related fields of research兲.
The existing studies of the TER effect in MFTJs based on
free-electron models have ignored the spin-dependent
screening at the interfaces and its contribution to TMR.18,22
Although such effects are captured in first-principles
calculations,13 the development of a simple model could be
useful for a deeper understanding of TER and its interplay
with TMR in MFTJs. Here by employing a theory developed
by Zhang23 we explicitly include the spin-dependent screening in a free-electron model for MFTJs, extending our previously developed model for FTJ with asymmetric
electrodes10 and a composite 共ferroelectric/dielectric兲 barrier
layer17 to FTJs with ferromagnetic electrodes, i.e., MFTJs.
This also generalizes our original model for MFTJs 共Ref. 18兲
to include spin-dependent screening.
II. SPIN-DEPENDENT SCREENING

We consider a MFTJ which consists of two ferromagnetic
metal electrodes separated by a composite barrier that includes a ferroelectric layer of thickness a and a dielectric
layer of thickness b, as shown in Fig. 1. Within a Stoner
model37 for itinerant magnetism each of the ferromagnetic
electrodes can be described by two spin bands which are split
due to the exchange coupling. The effective spin-dependent
potential V0 in the bulk ferromagnet is given by
eV0 = eV0 + 共− 1兲+1/2⌬/2,

共1兲

where  = ⫾ 1 / 2 共or equivalently  = ↑ , ↓兲 is the spin index
and ⌬ is the exchange splitting. The latter is determined by
the Stoner exchange parameter J and the equilibrium spin
density m so that
⌬ = Jm,

共2兲

␦n共z兲 = ␦n↑共z兲 + ␦n↓共z兲.

This leads to the induced nonuniform spin density near the
interface

␦m共z兲 = ␦n↑共z兲 − ␦n↓共z兲.

e␦V共z兲 = eVc共z兲 + 共− 1兲+1/2J␦m共z兲.

and en is the spin-dependent charge density in the bulk
electrodes. A spontaneous polarization in the ferroelectric
barrier produces the interface polarization charge which is

共6兲

The first term is associated with the Coulomb potential Vc共z兲
which is produced by the induced change density ␦n共z兲. This
potential satisfies the Poisson’s equation
d2Vc共z兲
e
= − ␦n共z兲,
2
dx
0

共7兲

where the dielectric permittivity of the electrodes is assumed
to be equal to the dielectric permittivity of vacuum 0. The
second term in Eq. 共6兲 is the effective exchange energy associated with the induced spin density. This term is analogous to the last term in Eq. 共1兲 but does not have a factor of
1
2 which appears in Eq. 共1兲 due to the double counting. We
obtain the induced charge density in the electrodes using the
Thomas-Fermi approximation

␦n共z兲 = − e␦V共z兲,

共8兲

dn共E兲

where  ⬅ dE 兩E=EF is the spin-dependent density of states
共DOS兲 at the Fermi energy EF. Substituting Eq. 共6兲 in Eq. 共8兲
and solving with respect to ␦n↑ and ␦n↓ we find

␦n共z兲 = −

关1 + 2J−兴
eVc共z兲,
1 + J

共9兲

where  = ↓ + ↑ is the total DOS at the Fermi energy. The
induced spin-dependent potential given by Eq. 共6兲 can therefore be written as follows:

冋

e␦V共z兲 = eVc共z兲 1 −

册

J共 − −兲
.
1 + J

共10兲

Equations 共9兲 and 共7兲 lead to the induced Coulomb potential
given by
d2Vc共z兲 Vc共z兲
= 2 ,
dz2


共11兲

where the screening  length is defined as follows:
=

共3兲

共5兲

The induced charge and spin densities produce two additional contributions to the spin-dependent potential ␦V共z兲
共Ref. 23兲

where the spin density is defined by
m = n↑ − n↓

共4兲

冉

e2  + 4J↓↑
0 1 + J

冊

−1/2

.

共12兲

To obtain the explicit form of potential ␦Vc共z兲 we need to
solve Eq. 共11兲 using appropriate boundary conditions. Assuming the short-circuit boundary conditions for the bulk
electrodes leads to the solution
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␦Vc共z兲 =

再

冎

VLc e共z+b兲/L

z⬍−b

VRc e−共z−a兲/R

z ⬎ a.

共13兲

1.2

冧

0.8
1.2

冕 冋
−b

0

共14兲

VLc − V0c − 
=
,
b
 0 d

0.4
0.0

−⬁

册 冕 冋

2Vc共z兲
dz = −
 z2

⬁

0

a

册

2Vc共z兲
dz
 z2

L,R
.
VL,R
c = ⫾
0

共16兲

Using Eqs. 共14兲 and 共16兲 we find

V0c =

ad P
,
ad + b f +  f d共L + R兲

1
共aLd + ab兲P
,
0 ad + b f +  f d共L + R兲

VL,R
c = ⫾

1
aL,Rd P
.
0 ad + b f +  f d共L + R兲

共17兲

Corresponding values of the charge and the potential for a
MFTJ system with no dielectric layer can be easily found
from Eqs. 共17兲 by assuming b = 0.
Within a free-electron model we have
n↑,↓ =

冋

1 2me
共EF ⫾ ⌬/2兲
62 ប2

↑,↓共EF兲 =

3 n↑,↓
,
2 EF ⫾ ⌬/2

册

3/2

,

δV, eV

1.0

共18兲

共19兲

where EF is the Fermi energy 共measured with respect to energy eV0兲, me is an effective mass and all the quantities entering Eqs. 共18兲 and 共19兲 may be different for the two electrodes.
Figure 2共a兲 shows the screening length in a ferromagnetic
electrode as a function of exchange splitting of spin bands ⌬.
In the calculations we assumed a free-electron mass for me
and the Fermi energy EF = 2 eV so that the exchange split-

(c)

0.8
0.6
0.4

共15兲

so that

=

(b)

0.8

where P is the spontaneous polarization of the ferroelectric
layer,  f and d are the dielectric constants 共relative dielectric
permittivities兲 of the ferroelectric and dielectric layers, respectively, and V0c is the electrostatic potential at z = 0. Due to
the charge conservation the induced surface charge density 
is the same for both electrodes and can be found from

=

1.0

γ

冦

V0c − VRc P − 
=
a
 0 f

λ, Å

Here L共R兲 is the screening length in the left 共right兲 electrodes and VLc 共VRc 兲 is the amplitude of the Coulomb potential
at the left 共right兲 interface between the ferromagnet and the
barrier. The amplitudes of the Coulomb potential at the interfaces are determined by the electrostatic boundary conditions

(a)

0

2

4

∆, eV
FIG. 2. Spin-dependent screening effects as a function exchange
splitting ⌬ in the ferromagnetic electrode. 共a兲 Screening length for
J ⫽ 0 共solid line兲 and for J = 0 共dashed line兲. 共b兲 Spin-dependent
contribution to the potential from Eq. 共10兲: ␥ = 2J共↑ − ↓兲 / 共1 + J兲.
共c兲 Magnitude of the screening potential at the FM/FE interface
共z = 0兲 in a FM/FE/NM junction without the spin-dependent contribution 共solid line兲 and with the spin-dependent contribution for
minority-spin 共dotted line兲 and majority-spin 共dashed line兲 electrons
for  f = 90 and EF = 2 eV.

ting varies from ⌬ = 0 共no spin splitting兲 to ⌬ = 4 eV 共half
metal兲. It is seen that ignoring the spin-dependent contribution 共i.e., assuming that the screening length depends only on
the total density of states兲 leads to sizable deviation from a
more accurate model where the spin-dependent contribution
is taken into account. The importance of the spin-dependent
contribution is also evident from Fig. 2共b兲 which shows the
screening-induced spin splitting of the potential at the interface that enters Eq. 共10兲, i.e., ␥ = 2J共↑ − ↓兲 / 共1 + J兲. It is
seen that the values are sizable 共compared to unity兲 even for
a moderate exchange splitting and exceed unity when the
exchange splitting approaches 4 eV.
These effects are expected to have a notable contribution
to spin-dependent tunneling in MTJs 共Ref. 23兲 including
those with a ferroelectric barrier. This fact is seen from Fig.
2共c兲 which shows the screening potential at the ferromagnet
共FM兲/FE interface, ␦V共z = 0兲, in a FM/FE/normal metal
共NM兲 junction with and without the spin-dependent contribution as a function of the exchange splitting in the ferromagnet. Here we assume that the saturation polarization of a
ferroelectric is P = 40 C / cm2 and the dielectric constant of
a ferroelectric in the saturation state is  f = 90. A sizable difference is seen, especially for large values of ⌬, indicating
the importance of spin-dependent splitting for tunneling conductance.
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The tunneling conductance per spin channel  = ↑ , ↓ per
unit area is calculated using the Landauer formula
共20兲

20
15
10
5

(a)

0
100

10

(b)
1
1.5

Spin polarization

where T共EF , k储兲 is the transmission coefficient at the Fermi
energy EF for a given value of the transverse wave vector k储.
The transmission coefficient is obtained from the solution of
the Schrödinger equation for an electron moving in a potential V共z兲 by imposing a boundary condition of the incoming
plane wave normalized to a unit flux density and by calculating the amplitude of the transmitted plane wave. The solution is obtained numerically for the potential V共z兲 which is
the superposition of the electrostatic potential, the exchange
potential, and the stepwise potential originating from the
variation in the conduction-band minima across the junction.
For a given Fermi energy EF in the metal electrodes, the
latter determines the barrier heights Ud and U f for the nonpolar dielectric and ferroelectric layers, respectively. We assume that electrons have a free-electron mass, the Fermi energy is EF = 2 eV, and the ferroelectric barrier height 共with
respect to EF兲 is U f = 0.6 eV. We define the TER ratio as
follows: TER= GL / GR, where GL and GR are conductances
of a MFTJ for polarization in the barrier pointing left 共PL兲
and right 共PR兲, respectively 共see Fig. 1兲. The TMR ratio is
defined as TMR= 共GAP − G P兲 / 共GAP + G P兲, where G P are GAP
conductances for parallel 共M P兲 and antiparallel 共M AP兲 magnetization of the FM electrodes.
First, we apply the theory presented to calculate the spindependent conductance for a FM/FE/NM junction considered in the preceding section 关Fig. 2共c兲兴 to illustrate the significance of the spin-dependent contribution to the potential.
The results are displayed in Fig. 3共a兲, which shows the total
conductance calculated with and without spin-dependent
contribution to the screening. In accordance to Fig. 2 we see
a sizable difference between the two indicating the significance of the spin-dependent contribution.
As expected, switching of ferroelectric polarization leads
to the TER effect. As seen from Fig. 3共b兲, the magnitude of
this effect increases with the exchange splitting of spin bands
in the ferromagnetic electrode which is the consequence of
the increasing asymmetry between the left and right leads.
While the screening length of the right electrode remains
constant, the screening length of left electrode is increasing
with ⌬ 关see Fig. 2共a兲兴 which leads to the enhancement of
TER at large ⌬ 关see Fig. 3共b兲兴. This result is consistent with
that of Ref. 10 even though the details of the electronic structure are more complex in the present case due to spin-split
bands of the left ferromagnetic electrode.
As was demonstrated previously,18 the spin polarization
of tunneling conductance from a ferromagnetic metal
through a ferroelectric barrier depends on ferroelectric polarization orientation. This is also the case for a tunnel junction
considered here. We define the spin polarization of conductance in the standard way,19 i.e., 共Gmaj − Gmin兲 / 共Gmaj + Gmin兲,
where Gmaj 共Gmin兲 in the conductance for majority 共minority兲
spin electrons. As is evident from Fig. 3共c兲, the spin polar-

TER

冕

d 2k 储 
T 共EF,k储兲,
共2兲2

Spin polarization

e2
G =
h
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FIG. 3. 共Color online兲 共a兲 Conductance for ferroelectric polarization pointing right with 共solid line兲 and without 共dashed line兲
spin-dependent contribution to the screening potential, 共b兲 TER, and
共c兲 spin polarization of the tunneling conductance for ferroelectric
polarization pointing right 共solid line兲 and left 共dashed line兲 in a
FM/FE/NM tunnel junction as functions of exchange splitting in the
ferromagnetic electrode for a = 2.5 nm, P = 40 C / cm2,  f = 90
U f = 0.6 eV, and EF = 2 eV. The inset shows the transport spin polarization as a function of ferroelectric polarization in the barrier for
⌬ = 3.5 eV.

ization changes significantly when the ferroelectric polarization alters its direction from pointing left to right. Notable
that for broad range of values ⌬ the spin polarization has
different sign for the two opposite orientations of ferroelectric polarization. This is the consequence of a different potential barrier height at the FM/FE interface for opposite polarizations. According to the free-electron model for
tunneling across a rectangular barrier,38 the spin polarization
in the asymptotic limit of a thick barrier is determined by
Psp =

 2 − k ↓k ↑ k ↑ − k ↓
,
 2 + k ↓k ↑ k ↑ + k ↓

共21兲

where k↓共k↑兲 is the Fermi wave vector in the ferromagnetic
electrode and  is the decay constant in the barrier. With
increasing the exchange splitting in Fig. 3共c兲 the absolute
value of the spin polarization Psp increases due to the second
term in Eq. 共21兲 which is determined solely by the electrode.
A different sign for opposite ferroelectric polarization orientations comes from the first term in Eq. 共21兲 which is controlled by the interface transmission function.39 For ferroelectric polarization pointing right the effective barrier height
and thus value of  at the interface is relatively high making
the Psp positive40 whereas for ferroelectric polarization
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pointing left the effective barrier and thus value of  at the
interface are low making the Psp polarization negative. For
large ⌬, however, the spin polarization becomes positive
共due to k↓k↑ tending to zero兲 independent of the ferroelectric
state. For ⌬ = 4 eV the tunneling current is fully spin polarized, as expected for a half-metallic injector.
The sensitivity of the transport spin polarization to the
potential change at the interface makes it dependent on the
magnitude of polarization of the ferroelectric barrier, P. This
is seen from the inset of Fig. 3共c兲, where the spin polarization is calculated as a function of P for ⌬ = 3.5 eV at which
the spin polarization has opposite sign for the PL and PR
states. With increasing P the asymmetry is increasing in response to the gradual change in the potential step at the interface.
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Using a ferroelectric barrier in a MTJ makes it multiferroic where four resistance states are allowed corresponding
to two magnetization alignments of ferromagnetic electrodes,
i.e., parallel and antiparallel 共M P and M AP states, respectively兲 and two orientations of ferroelectric polarization, i.e.,
pointing left and right 共PL and PR states, respectively兲. To
illustrate this behavior we consider a model FM/FE/FM
junction where left electrode is a half metal, i.e., ⌬L
= 4.0 eV and the exchange splitting in right electrode is assumed to be ⌬R = 3.5 eV. Figure 4 shows results of calculations as a function of the magnitude of polarization P in the
barrier. As seen from Fig. 4共a兲, for P = 0 there are two resistance states corresponding to a small conductance difference
for the M P and M AP states 关see also Fig. 4共b兲 for P = 0兴. For
nonzero polarization, however, four resistance states develop
with a large difference in conductance that increases with P.
The presence of the four resistance states implies that
TMR can be controlled by ferroelectric polarization orientation 关Fig. 4共b兲兴 and TER can be controlled by magnetization
alignment of the electrodes 关Fig. 4共c兲兴. As seen from Fig.
4共b兲, for a nonzero ferroelectric polarization P in the barrier,
TMR values have different sign for the PL and PR states.
This behavior is reminiscent to that seen in the transport spin
polarization for a FE/FE/NM junction 关inset of Fig. 3共c兲兴.
Since the TMR can be considered as a product of the two
transmission functions at the right and left interfaces,39 it is
expected that TMR should have similar behavior but opposite sign to that seen for the spin polarization in the inset of
Fig. 3共c兲. This is due to the fact that the left electrode in the
MFTJ is assumed to be fully spin polarized 共⌬L = 4.0 eV兲
and the orientation of ferroelectric polarization with respect
to the right electrode 共⌬R = 3.5 eV兲 is reversed as compared
to that in the inset of Fig. 3共c兲 with respect the left electrode.
With the increasing ferroelectric polarization P in the barrier,
asymmetry in TMR values increases reproducing a similar
behavior of the transport spin polarization. Like the respective spin polarization 关Fig. 3共c兲兴, the TMR magnitude
strongly depends on the exchange splitting in the ferromagnetic electrode 关see the inset of Fig. 4共b兲兴.
Figure 4共c兲 shows that TER strongly depends on the magnetization alignment of the electrodes. As expected,10 with

TER

IV. TER AND TMR EFFECTS IN MFTJS
10

MAP

1
0

10

20

30

P, µC/cm

2

40

FIG. 4. 共Color online兲 共a兲 Conductance 共per unit area兲 for four
resistance states, 共b兲 TMR for two ferroelectric polarization orientations, and 共c兲 TER for parallel and antiparallel magnetization of
the electrodes in a FM/FE/FM MFTJ as a function of ferroelectric
polarization P in a barrier. a = 2.5 nm, P = 40 C / cm2, U f
= 0.6 eV, ⌬L = 4.0 eV, ⌬R = 3.5 eV, EF = 2 eV, and  f = 90. The inset shows TMR as a function of exchange splitting ⌬L for two
polarization orientations.

increasing P the TER grows significantly due to the increasing asymmetry in the potential profile for opposite orientations of ferroelectric polarization. For a MFTJ this enhancement in TER is accompanied by a substantial difference in
TER for parallel and antiparallel magnetizations. This effect
is largely controlled by the spin-dependent potential at the
interface. Results of the calculation which does not include
the spin-dependant contribution to the potential 共not shown兲
reveal significantly reduced values of TER and diminished
asymmetry between TER values for the M P and M AP states.
Earlier we have demonstrated17 that using a layered composite barrier combining a functional ferroelectric film and a
thin film of a nonpolar dielectric material considerably enhances TER. The effect occurs due to the change in the electrostatic potential 共induced by polarization reversal兲 in the
nonpolar film adjacent to one of the interfaces that acts as a
switch changing its barrier height from a low-to-high value
resulting in a dramatic change in the transmission across the
FTJ. The same effect occurs in a MFTJ with an additional
dielectric barrier layer inserted at the FM/FE interface 共see
Fig. 1兲. Figure 5共a兲 displays the dependence of TER as the
function of the dielectric layer thickness b. As expected, the
TER grows exponentially with b, indicating that the conductance ratio between the two polarization states in such
MFTJs may reach 104 and even higher.
A MFTJ adds an additional degree of freedom, as compared to a FTJ, that allows altering TER by changing the
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4

10

(a)

state. This change is weakly dependent on the dielectric barrier thickness b. The inset of Fig. 5共b兲 indicates that TMR as
a function of exchange splitting of the ferromagnetic electrodes, ⌬ = ⌬L = ⌬R, behaves approximately as the square of
the spin polarization of the tunneling current shown in Fig.
3共c兲, as expected for a MTJ 共e.g., Ref. 41兲.
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FIG. 5. 共Color online兲 共a兲 TER for parallel and antiparallel magnetizations 共M P and M AP, respectively兲 and 共b兲 TMR for ferroelectric polarization pointing left and right 共PL and PR, respectively兲 in
a MFTJ with a dielectric layer as a function of the dielectric film
thickness b for ⌬L = ⌬R = 3.5 eV, a = 2.5 nm, P = 40 C / cm2, U f
= 0.6 eV, Ub = 2.5 eV, EF = 2 eV, and  f = 90, b = 10. The inset of
共a兲 shows a ratio of the TER values for the M P and M AP states. The
inset of 共b兲 shows TMR as a function of the exchange splitting in
ferromagnetic electrodes, ⌬ = ⌬L = ⌬R, for the PL and PR states and
b = 0.5 nm.

magnetization configuration of the electrodes. Figure 5共a兲
shows that the TER values differ for parallel and antiparallel
magnetizations. The inset of Fig. 5共a兲 indicates that the ratio
of the TER values for the M P and M AP states is about 1.7 and
stable with respect to the dielectric layer thickness.
Multifunctionality of a MFTJ with a composite barrier is
also manifested by a possibility to change TMR with ferroelectric polarization orientation in the barrier. As seen from
Fig. 5共b兲, for chosen parameters the TMR is predicted to
change from a relatively small value corresponding to the PL
state to a sizable negative value corresponding to the PR
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